bacterial surface proteins, intermediate filaments, laminins, dynein, tumor suppressors, and oncogene products (10, 11) . Coiled coils also have been identified as ideal candidates for protein design (10, 12, 13) . In fibrous proteins, coiled coils generally form extended ropes that are several hundred angstroms long. These molecules have proven difficult to crystallize, and a high-resolution x-ray crystal structure of a parallel, two-stranded coiled coil has yet to be obtained.
The general architecture of the parallel coiled coil, however, is well characterized. Crick proposed in 1953 that the dimeric structure could be stabilized by the packing of "knobs" formed by the hydrophobic side chains of one helix into "holes" formed by the spaces between side chains of the neighboring helix ( 8 ) .Consistent with this model, hydrophobic residues are spaced every four and then three residues apart (a 4,3 hydrophobic repeat) in the primary sequences of coiled coils (10, 14, 15) . This pattern defines a heptad repeat, (abcdefg),, in which the generally hydrophobic residues at positions a and d fall on the same face of a helix. In parallel coiled coils, oppositely charged residues commonly occur at positions e and g of adjacent heptads, which is consistent with the formation of interhelical ion pairs (10, 15) . These patterns of hydrophobic and charged residues are also apparent in leucine zipper sequences, with the conserved leucines occurring at position d of the heptad repeat (3).
We report the 1.8 A x-ray crystal structure of a peptide corresponding to the leucine zipper of the transcriptional activator GCN4. GCN4 is responsible for the general control of amino acid biosynthesis in yeast (16) . Distinct regions of the protein are required for transcriptional activation, DNA binding, and dimerization (17) . Dimerization, which is required for DNA binding, depends on the leucine zipper sequence in the last 33 residues of the protein. This sequence alone was incorporated into the 33-amino acid peptide (GCN4-pl) described here ( Fig. 1) .
Structure determination. The initial electron density map of GCN4-pl was calculated at 3 A resolution with phases based on the isomorphous and anomalous differences of a single PtCI, derivative (Table 1) .After solvent flattening (18), FRODO (19) was used to trace 29 amino acids of one helix in the electron density. Because the remaining electron density was discontinuous, the second helix was generated by rotating a polyalanine representation of the initial model around the noncrystallographic twofold symmetry axis (5, 20) . After rigid body and positknal refinement (21), an improved 'lectron density map was by using the phases to resolve the twofold ambiguity of phases based on the isomorphous differences alone (22). hi^ electron density map was subjected to --resolution, ~h~ final averaged map was used to build Go of the GCN4-pl dimer that differed in the register of the sequence in the electron density. The models were refined against 6 to 2 A data -using (21), and One of the ylelded a significantly lower crystallographic R value and was chemically reasonable. This model was improved by several rounds of rebuilding and refinement against 6 to 1.8 A data (21, 23, 24) . The current model contains the NH2-terminal 31 of 33 residues of both polypeptide chains and 52 water molecules. The following data support the correctness ofothe structure: (i) The R value is 0.179 for 2u data from 6 to 1.8 A resolution. The 2u data represent greater than 84 percent of the reflections in this resolution range. (ii) The overall root-mean-square (rms) deviations from ideal bond lengths, and bond angles are 0.018 A and 2.5", respectively. (iii) All backbone dihedral angles are within allowed regions of the Ramachandran plot (25), and most side chain dihedral angles are near the preferred rotamers (26). (iv) The model fits the 2F, -F, map well (Fig. 21 , and the F, -F, map contoured at k 3 u has no interpretable features. (v) The F,, -F, difference Fourier calculated with the model phases produces 9 to 10u peaks at the expected Pt sites, and these sites are within 3 A of the sulfur atoms of Mef? in each chain.
Overall fold and dimensions of the molecule. The GCN4 leucine zipper peptide forms a two-stranded, parallel coiled coil of helices (Fig. 3) . The dimer is a twisted elliptical cylinder -45 A long approximately ' /4 turn of a left-handed supercoil (Fig. 3A) . The pitch of the supercoil average: 181 A, and the average distance between the helix axes is 9.3 A (27). This constant separation is maintained by the occurrence of residues of similar size along the length of the interface. The crossing angle of the helices is 18" (Fig.  3B) , which matches Crick's prediction for the crossing angle of helices in coiled coils (8). The superhelix axis of GCN4-pl is nearly straight.
The first 30 residues of each peptide monomer form more than eight helical turns. Gly31 is not in a helical conformation in either chain of the dimer, and Glu3' and are not visible in the electron density map. The crystallographic B values are generally higher at the helix termini. The average main-chain dihedral angles for residues 3 to 30 of each helix are -63" * 7" for 4 and -42" ? 7"
for $. The dihedral angles cluster near the average values of -63" and -42" seen in helices in globular proteins (28). There is no apparent correlation of 4, $ values with position in the heptad repeat.
The individual helices are smoothly bent, which permits tight contacts over the length of the dimer. The curvature is associated with shorter main chain hydrogen bonds in the interface compared to the outside of the helices (Fig. 4) . In particular, hydrogen bonds from the amides of residues at position e of the heptad repeat tend to be shorter, whereas the amides of residues at position f form longer helical hydrogen bonds (29). Pauling and Corey proposed that such a difference in hydrogen bond lengths could cause supercoiling of helices (9). As in solvent-exposed helices in globular proteins (28), the main chain carbonyl groups of surface residues of GCN4-pl are often hydrogen-bonded to ordered water molecules.
The helices in the leucine zipper are related by an approximate local twofold rotation axis. The a-carbons of residues 1 to 30 of each monomer can be superimposed with an rms deviation of 0.64 A (30). Overall, conformational differences between the helices are as large as differences between heptads within a given helix (for example, see Fig. 4 ). Consequently, both the particular sequence of each heptad and the distinct environment of each peptide monomer in the crystal are likely to contribute to the observed local structural variations.
Dimer interface. The packing of side chains in the dimer interface conforms to Crick's knobs-into-holes model (8) (Fig. 5 ). The leucines (at position d) and the amino acids in the alternate hydrophobic position (a) are surrounded by four residues from the neighboring helix. This packing is related by a translation of the helices to the "ridges-into-grooves" scheme that describes most helix-helix contacts in globular proteins (31). In ridges-into-grooves packing, however, each residue in the interface makes contact with only two residues of the neighboring helix. In contrast, the pattern of four side chains surrounding each residue at positions a and d of the leucine zipper maximizes buried surface area and likely contributes to the considerable stability of the dimer.
The leucine zipper dimer also can be represented as a twisted ladder in which the sides are formed by the helix backbones and the rungs are formed by side chains in the interface (Fig. 3C) . The conserved leucines are not interdigitated, but instead they make side-to-side interactions in every other rung. In alternate rungs, side-to-side contacts are made by residues in position a of the heptad repeat.
The layers of the interface, however, contain four residues, not two (Fig. 5) . Each conserved leucine at position d packs against both the symmetry-related leucine (d') and the side chain of the following residue (e') ( Fig. 6A) . In adjacent layers (Fig. 6B) , the amino acid at position a packs between its symmetry mate (a') and the preceding residue (g'). These two types of layers alternate through the structure and form an extensive hydrophobic interface SCIENCE, VOL. 254 Fig. 2. A (Fig. 6C) . Approximately 1800 A2 of surface area is buried upon forming the dimer from helical monomers; >95 percent of this surface area is from the side chains of residues at positions a, d, e, and g (32). The side chains of residues at positions a and d are 83 petwnt buried in the dimer.
All valines at position a and all leucines at position d adopt the most preferred rotamer wnfbrmations [xl --60°, x2 -180' fbr Leu, and x1 -180" for Val (26) A distinctive hydrogen bond in the h e r interface appears to be h e d between Asnl" side chains at position a of the heptad repeat (Fig. 6D) . The amide and carbonyl groups of the two Asnl" side chains are 2.6 A apart, and the side chains arc in different confbrmations. This asymmetric model, which apparently is trapped by the crystal lattice, is Favored fbr at least three reasons: (i) The asymmetric structure fits the electron density calculated with phascs obtained from a refined model that lacks the side chains of residues 15, 16, and 20 of both helices and three nearby water molecules. (ii) The asymmetry extends to neighboring residues, including Lys15 and Glum. One of the LFl5 residues makes an intermolecular contact through a water molecule. (iii) When the Asnl" residues are placed in a single preferred rotamer conformation, the model does not fit the electron density and the side chains cannot make favorable contacts in the dimer interface (37).
Leucine zippers that lack polar residues at position a or d are rare (1, 34, 35) , which suggests that buried polar groups like Asnl" in -4-pl have important functions. Examination of the crystal structure suggests that Asnl" may aaually be d c s t a b i i . The Asn side chains bury polar substituents, pack more loosely against adjacent layers than do Val or Met at position a, and, as discussed below, appear to disrupt an interhelical ion pair. Moreover, Asnl" is especially tolerant of amino acid substitutions in a chimeric protein in which the leucine zipper of GCN4 mediates dimerization of the DNA binding domain of k repressor (38). Destabilization of the leucine zipper could help make dimerization reversible in vivo, modulate the &ty of bWP proteins for DNA by controlling the concentration of dimers, or have both e&m.
In addition, Asnl" may help position the helices in a parallel, unstaggered orientation. Antiparallel or staggered amangements would be destabilized because the Asn side chains would pack against nonpolar residues. Similarly, polar amino acids in the leucine zipper intehce could contribute to the specificity of haerodimer fbrmation by favoring associations of sequences with complementary polar groups. Electrostatic interactions. Electrostatic complementarity is seen in the structure of GCN4pl. The net charge ofthe leucine zipper at neutral pH is near zcn, (+I), and positive and negative residues generally alternate along the helices. This amangement permits both intra-and interhelical ion pairing (Fig. 1) .
Distances between charged side chains suggest that interhelical ion pairs are formed between Lys15 and Glu20', Glu22 and L~s~~' , and and Lys27. These pairs of residues occur at position g of one heptad and position e' of the fbllowing heptad in the neighboring helix. Lys15 and G~u~~ (at position g) both precede an alternate hydrophobic residue, and Glu20 and LysZ7 (at position e) follow a conserved leudne. As a result, the methylene groups of residues involved in interhelical ion pairs also help fbnn the hydrophobic core of the dimer (Fig. 6A) .
The dual roles of charged residues at positions e and g suggest that electrostatic and hydrophobic interactions in the leucine zipper are interdependent. This idea is consistent with the results of genetic studies (38) that show that Leu19 and Leuz6, which are bracketed by ion pairs, are less tolerant of amino acid substitutions than Leu5 and ~e u~~. More direct evidence for the influence of packing on electrostatic interactions is found in the GCN4-pl structure, where Asn16' sterically blocks the formation of an ion pair between Lys15 and GluZ0'. This region of the structure graphi&lIy illustrates how the formation of interhelical ion pairs depends on a complementary surface provided by buried residues at positions a and d. Intrahelical ion airs are also amarent in the structure of GCN4-L L p l . In one helix, for example, there are close contacts between Lys8 and Glul' (3.3 A) as well as between G1uZ2 and (2.8 A). G1u2' is also near L~s~~' --(3.6 A) from the adjacent helix, suggestingcom~etition between inter-and intrahelical ion airs. Fewer intrahelical ion pairs are seen in the crystal structure than anticipated from the sequence. Many of the charged residues (at positions b, c, and f ) that are expected to participate in intrahelical ion pairs are involved in crystal contacts.
Comparison to other two-stranded coiled coil structures and models. The high-resolution x-ray crystal structure of the GCN4 leucine zipper confirms earlier models of two-stranded, parallel coiled coils (8, 15, 39) . As predicted, the helices are crossed at -18", packed symmetrically, and stabilized by knobs-into-holes interactions between hydrophobic residues in the dimer interface. It is remarkable that Crick proposed this structure almost 40 years ago in the absence of primary sequences of coiled coils and prior to the . -determination of any x-ray crystal structures of proteins.
With the exception of the buried hydrogen bond involving Asn16, almost all of the interactions seen in the structure of GCN4-pl were proposed by McLachlan and Stewart to occur in tropomyo~in (15). The predicted interactions include hydrophobic contacts involving alternating layers of residues at positions [a, a', g, and g'] and [d, d', e , and e'] as well as interhelical ion pairs between residues at g of one heptad and e' of the next heptad. Also as predicted, interhelical ion pairs directly across the interface (between g and e' residues in syrnmetry-related heptads) are blocked by the Leu side chains at position d (15).
The structural features of the tropomyosin model were incorporated into a detailed model of muriin lipoprotein (MLP) (39) that is quite similar to the x-ray crystal structure of GCN4-pl. Alphacarbons 1 to 30 of GCN4-pl can be superimposed on the MLP model with a rms positional difference of 0.95 A (40). The MLP model shows l o c i packing differences and a smaller interhelical separation compared to GCN4-pl .
The GCN4-pl dimer, however, is quite different from the antiparallel coiled coil protein ROP, even though the individual helices of the two superimpose well (41, 42). The ROP dimer forms a four-helix bundle; each monomer consists of a pair of supercoiled, antiparallel helices. Identical helices on the corners of the four-helix bundle are parallel, but these helices are more than 4 A farther apart than the helices in GCN4-pl.
GCN4-p1 nonetheless shows qualitative similarities to antiparallel coiled coils. In the antiparallel coiled coil domain of the Escherichia coli seryl-tRNA synthetase, for example, a 4,3 hydrophobic repeat occurs in the sequence, the residues at positions a and d are buried in the interface, and ion pairs are formed within and between the helices (43).
Parallel and antiparallel coiled coils are distinguished by distinct sequence patterns that reflect different pairwise interactions in the dimers. In antiparallel coiled coils, residues at a and d' are paired, as are residues at d and a'. This staggering of the heptad repeats is required to keep the hydrophobic residues in register. In the GCN4 leucine zipper, however, a and a' residues as well as the leucines at d and d' are side-by-side in the dimer interface.
Another important difference between parallel and antiparallel coiled coils is the distribution of charged residues. In antiparallel coiled coils, residues at e and e' occur on one face of the dimer and residues at g and g' occur on the other face. Complementary charges occur at pairs of e residues and pairs of g residues that are structurally adjacent (43). In contrast, the sequences of parallel coiled coils are characterized by oppositely charged residues at positions g and e of the following heptad (10, 15, 36) . These residues form the interhelical ion pairs in GCN4-pl. The observation of interhelical ion pairs in coiled coil structures suggests that the distinctive distributions of charged residues at positions e and g influence the orientation of helices in the dimer.
Comparison t o classical coiled coils. In at least two respects, the GCN4 leucine zipper is an atypical coiled coil. First, the leucine zipper is much shorter than most coiled coils in fibrous proteins. In addition, leucine occurs almost invariably at position d in leucine zipper sequences, whereas in classical coiled coils only one-fourth to one-half of the residues at position d are leucine (36).
The differences in length between leucine zippers and other coiled LysB" forms an ion pair with Glu (not shown), and L#15 approaches The charged termini of L#" and GluBM are 6.1 A apart.
coils are likely to d e c t their diverse functions. Traditional coiled coils have dynamic roles in motility and cell struaure that often require large surEaces fbr interactions with multiple proteins over large distances (1 0). In contrast, the leucine zipper motif is primarily a dimerktion interface (1). Studies of peptide models suggest that four heptad repeats of a coiled coil sequence are suf6cient for dimerization (3, 13, 44) . Why are leucines conserved at position d? Trivially, the apparent conservation may be a consequence of the use of the heptad repeat of leucines as the primary criterion for identifying bWP proteins.
L.cucine zipper h e r s may be part of a larger dass of proteins that associate through a coiled coil motif. The leucine zipper sequences of cpc-1, TGAla, and TGAlb, for example, each contain two residues at position d that are not leucine (34, 35) . The conservation of leucines, however, suggests that the repeat serves important functions. A much dismsd idea is that the leucine repeat is a common adaptor that mediates heterodimer fbrmation. Heterodirnm can confer multiple regulatory activities on individual The leucine repeat is also almost certainly especially s t a b i i .
Genetic analysis of the GCN4 leucine zipper shows that the conserved leucines generally are less tolerant of amino aad substitutions than the alternate hydrophobic residues at position a (38). In addition, peptide dimm corresponding to a tropomymin consensus sequence with leucines at positions a and d are destabilized when pairs of leucines are replaced by other hydrophobic residues (12). An explanation for the s t a b i i contributions of branched residues in the interface (Leu at position d and the B-branched residues that often occur at a) is provided by the crystal structure of GCN4pl. Compared to linear aliphatic side chains, the branched residues fill more space between the helices, pack well with adjacent (e and g) residues, and make closer contacts with adjacent layers in the interface. In homodimm, smaller residues (such as Ala) or larger residues (such as Phe, Tyr, and Trp) could produce packing defects in the interface.
Implications for structure and s-aty. The GCN4pl structure reveals a striking richness of interactions that determine the stability and specificity of protein pairing. The hydrophobic and ionic contacts appear to explain both the requirement for branched hydrophobic residues at positions a and d and the preponderance of long, charged side chains at the adjacent positions e and g. The diversity of interactions reinforces the point that a heptad repeat of leucines, by itself, is not suBiaent to mediate dimerization.
F i , w e n o t e t h a t t h c s~o f G C N 4 -p l canbeusedtomodel ~~~]~i n~~l~z i p p a n d i n~p a r ~c o i k d c o i l S . W l t h~t~a m i n o a t e ! a c h~ position,thestructuraldetailsof~coiledcoilsareliketytovary.
Of special interest is the preferential formation of heterodimers mediated by the leucine zippers of the nuclear oncogene products
